The bioluminescent enzymatic bioassays for assessment of nanomaterial biotoxicity using the soluble or immobilized coupled enzyme system of luminous bacteria NAD(P)Н:FMN-oxidoreductase
.
The absence of biosafety regulations relating to the use of nanomaterials has given rise to the concept of nanotoxicity in biology and medicine (Pisanic et al., 2009; Kewal, 2012) .
The problem is that the currently available toxicity tests have not been designed specifically for NPs. Therefore, new testing paradigms need to be invented for the evaluation and assessment especially of the inhalation toxicity of NPs (Aschberger et al., 2010) . Also the risk assessment methodology as currently used for the evaluation of chemicals needs adaptation to account for the specific properties of NPs.
As all changes in living organisms induced by toxic substances originally occur at the lowest, molecular, level of organization, enzyme inhibition based assays have great potential to assess safety of nanoparticles. Really, there are data indicating that the molecular mechanism of nanomaterials effect consists in DNA degradation or enzyme inhibition (Wang et al., 2009; Wang et al., 2010; Zhang et al., 2012; Chang et al., 2014; Kӓkinen et al., 2013; Vale et al., 2015) . In vitro techniques allow specific biological and mechanistic pathways to be isolated and tested under controlled conditions, in ways that are not feasible using in vivo tests.
Metal (and metal oxide) nanoparticles (MNPs) are of great scientific interest, as they often exhibit different properties to those of the bulk material. In this work, we have sought to assess the potential risks of applying metal NPs according to their effects on enzymatic activities. Bacterial coupled enzyme system NAD(P)H:FMN-oxidoreductase and luciferase (Red + Luc) catalyzing the following reactions (1 and 2) was used as a test system in our attempt to replace luminescent bacteria:
NAD(P)Н:FMN -oxidoreductase (Red)
Luciferase (Luc)
The principle of bioluminescent enzyme inhibition based assay is to detect the toxic properties of the substances and mixtures based on their influence on the parameters of these bioluminescent enzymatic reactions (Esimbekova et al., 2013; Esimbekova et al., 2014) . Such bioassays were developed earlier for environmental monitoring and medical diagnostics (Esimbekova et al., 2014; Esimbekova et al., 1999) . This approach combines the rapidity and reproducibility of the in vivo bioluminescent methods (Zheng et al., 2010; Mortimer et al., 2008; Deryabin et al., 2012) with the indication of the molecular effect produced by the materials analyzed, using in vitro methods (Kratasyuk and Esimbekova, 2015) .
The commercially available MNPs, including silver nanoparticles (Ag NPs), nanoparticles of silicon dioxide (SiO 2 ), and titanium dioxide (TiO 2 ), were tested in the study.
We compared the effects of these nanoparticles on the activity of the soluble and immobilized forms of the Red + Luc coupled enzyme system and obtained relationships between the strength of the inhibitory effect exerted by nanoparticles on enzyme activity and the size of nanoparticles.
Materials and methods

Chemicals
This work was done using the lyophilized preparations of highly purified enzymes produced 
The optical correction coefficients of bioluminescent signal
If the value of optical density of the nanomaterial solutions was more than 0.1 in the range of 400-600 nm, the light emission intensity was multiplied by the correction factors k, which were calculated according to the following equation (Aleshina et al., 2010) :
Preparation of MNPs suspensions for bioluminescent enzymatic assay was carried out using 0.01 М potassium-phosphate buffer pH 7.0. Then nanoparticles were dispersed by sonication with 35 kHz frequency and power level of 300 W in the sonication bath (Sapfir, Russia) for 25 min.
The activity of the soluble coupled enzyme system Red + Luc was measured in the reaction mixture containing: 300 µL of 0.05 М potassium-phosphate buffer pH 6.9, 2-5 µL of 
If the value of optical density of the nanomaterial solutions was more than 0.1 in the range of 400-600 nm, the light emission intensity was multiplied by the correction factors k, which were calculated according to the following equation (Aleshina et al., 2010) : 
Statistical analysis
The data are presented as the mean ± SE.
The statistical analysis between the two groups was conducted using a two-tailed Student's t test.
A value of p < 0.05 was considered statistically significant.
Results and discussion
To avoid distortion of the bioluminescent signal by optical effects (scattering, absorption), we studied absorption properties of nanoparticles and made the necessary correction of results obtained in the in vitro bioassays. The filter effect in an optically opaque medium should be taken into account in the analysis of the emitted light intensity if the optical density of the medium is greater than 0.1 (Lacowicz, 2006) . Therefore, when the optical density of the sample was more The inhibition analysis of nanoparticles yielded dose-effect dependences (Fig. 2-4 Recent studies suggest that Ag NPs exhibit toxic effects on the key organisms of the aquatic environment (Blinova et al., 2013; Fabrega et al., 2011) . These effects have mostly been explained by a combination of dissolved Ag + ions and specific nanoeffects (Zhao and Wang, 2012) .
The mechanism of Ag NPs toxicity to microbes is associated with the interaction of Ag ions with thiol groups of vital enzymes and proteins, affecting cellular respiration and transport of ions across membranes, with ultimate cell death (Li et al., 2010; Rahmanin et al., 2014) . A possible reason for the high sensitivity of the Red + Luc coupled enzyme system to Ag NPs may be a considerable inhibitory effect of Ag NPs on the activity of NAD(P)H:FMN-oxidoreductase, which is one of the key enzymes of the respiratory chain.
TiO 2 NPs inhibits the activity of the Red + Luc coupled enzyme system to a greater extent than SiO 2 NPs (Fig. 3, 4) . In addition, the degree of inhibition is determined by the size of the particles: larger-diameter TiO 2 nanoparticles exert a stronger inhibitory effect than the smallerdiameter particles of the same concentration (Fig. 3) . A similar effect has been noted with SiO 2 NPs (Fig. 4) .
Titanium dioxide is considered to be biologically inert in the micro-size state. However, the degree of its biological inertness in the nanosize state is debatable. Numerous studies describe various effects of TiO 2 NPs on vital parameters of different organisms and parameters of in vitro bioassays (Tomankova et al., 2015) .
It is a proven fact that specific physicochemical properties of nanoparticles determine the way they cross the barriers in the organism and their distribution and accumulation in the organism and removal from it . For example, in the case of bacteria, high concentrations of TiO 2 nanoparticles -5,000 mg/L -were needed to inhibit the growth of Escherichia coli by 72 % (66 nm particle size), and 1,000 mg/L of TiO 2 nanoparticles resulted in 75 % growth inhibition of Bacillus subtilis (Adams et al., 2006) . Moreover, no toxic effect was observed for the marine bacterium Vibrio fischeri (30-min EC 50 > 20,000 mg/L) . According to Warheit et al. (2007) , "-" -In the studied concentration range, the parameter value is not determined.
study, titanium dioxide nanoparticles showed some sublethal toxic effects (including oxidative stress) in rainbow trout when exposed to low levels of TiO 2 nanoparticles, 0.1-1.0 mg/L, for up to 14 days (Federici et al., 2007) .
According to Kahru et al. (2008) , in addition to target organism and exposure time, two major abiotic parameters such as particle size/ aggregation and illumination seem to be involved in the actual (eco)toxicity of TiO 2 . In our research, the value IC 50 for 50-70 nm TiO 2 nanoparticles was higher than that for 100-190 nm TiO 2 nanoparticles (22.9 and 15.3 mg/L, respectively). 
